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ABSTRACT 


A  series  of  (Coi.xNix)88Zr7B4Cui  soft  magnetic  alloys,  where  X  was  varied  from  0  to  1, 
were  fabricated  by  a  melt  spinning  process  into  thin  ribbons  of  the  material.  This  process  was 
followed  by  an  isothermal  anneal  to  produce  a  nanocomposite  alloy,  i.e.  nanocrystalline  grains  in 
a  residual  amorphous  matrix.  The  alloy  series  was  designed  to  investigate  crystallization  kinetics 
and  limits  to  the  compositional  regime  where  a  nanocomposite  could  be  formed.  The  primary 
and  secondary  crystallization  temperatures  of  each  alloy  were  determined  using  Differential 
Scanning  Calorimetry  (DSC)  from  which  the  crystallization  activation  energies  were  calculated 
using  the  Kissinger  Method.  When  X  exceeded  0.75,  the  as-spun  ribbons  exhibited  partial 
crystallization,  resulting  in  reduced  exothermic  crystallization  peaks.  For  lower  Ni  contents,  the 
ribbons  were  amorphous  in  the  as-spun  state.  The  activation  energy  for  crystallization  decreased 
with  increasing  Ni  content. 

Transmission  Electron  Microscopy  (TEM)  and  Atom  Probe  Tomography  (APT)  revealed 
fine  nanocrystallite  and  boron  segregation  to  the  grain  boundaries  with  increasing  Ni  content. 

The  previously  suspected  use  of  Cu  clustering,  which  can  act  as  heterogeneous  nucleation  sites, 
showed  no  clear  correlation  with  observed  spatial  location  of  the  crystallites. 

Chemical  partitioning  between  species  in  the  as-spun  and  primary  crystallization  heat 
treatments  were  correlated  to  the  resulting  changes  in  magnetic  properties.  As  Ni  content 
increased,  the  saturation  magnetization  and  normalized  magnetization  for  these  samples 
decreased  accordingly. 
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Chapter  1  Introduction 


1 . 1  Soft  Magnetic  Materials 

The  main  parameters  in  detennining  a  material’s  usefulness  as  a  soft  magnet  are 
coercivity,  relative  penneability,  saturation  magnetization,  and  electrical  conductivity. 

Coercivity  is  the  intensity  of  the  magnetic  field  required  to  reduce  the  magnetization  of  a 
ferromagnetic  material  to  zero  after  it  has  reached  saturation.  The  intrinsic  coercivity  of  soft 
magnetic  materials  is  generally  less  than  1000  Am’1.  Relative  penneability  is  a  measure  of  how 
readily  the  material  responds  to  the  applied  magnetic  field.  Saturation  magnetization  is  the 
maximum  remanent  magnetization  that  a  material  can  acquire  after  being  placed  in  a  direct 
magnetic  field.  Consequently,  soft  magnetic  materials  are  classified  as  ferromagnetic  and  can  be 
easily  demagnetized  by  applying  a  reversing  field.  As  a  result,  they  have  found  use  as  power 
supply  transformers  where  the  material  is  continuously  switched  under  an  alternating  current 
(AC)  [1].  For  direct  current  (DC)  applications,  these  materials  have  found  use  as 
electromagnets,  which  can  attract  ferrous  materials  when  a  current  is  applied. 

The  materials  being  investigated  in  this  work  are  for  potential  use  in  AC  applications. 
Since  these  materials  are  primarily  used  in  power  supply  transformers,  research  continues  to  look 
at  ways  to  reduce  the  energy  lost  within  the  system.  The  energy  loss  occurs  as  the  material  is 
cycled  through  its  hysteresis  loop.  There  are  three  primary  sources  where  energy  loss  originates 
in  these  magnetic  based  energy  systems  are  hysteresis  loss,  eddy  current  loss,  and  anomalous 
loss  [1].  For  this  study,  the  anomalous  losses  are  of  most  interest  because  they  deal  with  domain 
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wall  motion  as  relates  to  crystallization  kinetics.  By  understanding  the  crystallization  behavior 
of  these  alloys,  a  better  understanding  between  the  crystalline  and  amorphous  phase  relationship 
and  its  affect  on  magnetic  properties  was  explored. 

1 .2  Amorphous  Materials 

Amorphous  magnetic  ribbons  peaked  interest  due  to  their  excellent  soft  magnetic 
properties  which  is  attributed  to  a  lack  of  crystal  anisotropy  and  grain  boundaries.  These 
attributes  allow  for  application  as  transformer  and  inductive  devices  [1].  These  amorphous 
materials  have  the  general  formula  (3d-metal)8o(metalloid)2o,  where  3d-metals  =  Fe,  Co,  Ni  and 
metalloid  =  B,  Si,  C,  etc  [2].  The  metalloid’s  role  is  to  lower  the  melting  point  of  the  alloy, 
which  helps  in  stabilizing  the  amorphous  phase  [2].  The  intrinsic,  magnetic  properties  of  Fe  and 
Co  consequently  resulted  in  Fe-Co-based  amorphous  alloys  being  the  most  promising  systems 
[2]. 

The  production  of  amorphous  materials  can  be  accomplished  one  of  two  ways.  Either  by 
a  melt-spinning  technique  that  produces  thin  ribbons  (thickness  20-50  pm)  [3,4]  or  by  an  in- 
water-quenching  techniques  that  produces  wires  (thickness  80-120  pm)  [5],  During  this 
quenching  process,  two  unwanted  anisotropies  develop.  The  first  is  stress-induced  anisotropies 
and,  second  is  shape  anisotropy  due  to  surface  roughness  [2].  These  two  anisotropies  cause  the 
demagnetizing  field  of  the  material  not  to  be  equal  for  all  directions,  creating  one  or  more 
magnetic/  easy  axis.  This  uneven  demagnetizing  field  is  detrimental  to  an  amorphous  material’s 
soft  magnetic  properties  specifically  its  penneability.  The  effect  of  decreasing  the  penneability 
is  an  increase  in  core  losses  thus  eliminating  the  material  as  a  practical  system  for  transfonner 
applications  [6]. 
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1 .3  Nanocrystalline  Soft  Magnetic  Materials 

1.3.1  Nanocrystalline  Soft  Magnetic  Materials 

To  overcome  these  magnetic  property  concerns  with  amorphous  alloys,  the  precipitation 
of  nanocrystallites  within  the  amorphous  matrix  has  been  proposed.  The  nanocrystallites 
fonnation  occurs  by  annealing  amorphous  ribbons  at  an  optimum  temperature  and  over  an 
optimum  annealing  time  where  nucleation  and  growth  occur  to  precipitate  out  these  crystallites 
[2].  A  consequence  of  this  microstructure  is  an  exchange  coupling  between  nanocrystallites  by 
means  of  the  magnetic  amorphous  phase,  this  yields  nanocrystalline  materials  with  excellent  soft 
magnetic  properties  meaning  materials  that  possess  both  low  coercivity  and  high  penneability 
[2].  Herzer  showed  the  softening  of  the  magnetic  properties  is  due  to  the  grain  size  being  smaller 
than  the  magnetic  exchange  length,  which  causes  an  averaging  of  the  magnetic  anisotropy  of  the 
nanocrystallites  [7].  This  results  in  a  low  value  of  the  effective  anisotropy  [7,8].  On  a 
macroscopic  level,  coercivity  is  reduced  considerably  and  permeability  is  increased  by  this 
exchange  coupling  [2].  The  reduction  of  coercivity,  Hc,  in  nanocrystallites  scales  as  D6  [7]. 
Similarly  the  penneability,  iil ,  increases  with  decreasing  grain  size  [7]. 
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Figure  1-1  Coercivity  plotted  versus  the  grain  size  of  various  soft  magnetic  alloys. 


A  plot  of  coercivity  as  a  function  of  grain  size  for  various  soft  magnetic  alloys  is  shown 
in  Figure  1-1  [7,9].  The  lines  with  the  slopes  of  D6  and  D'1  represent  the  two  switching 
mechanisms:  exchange  averaged  anisotropy  and  domain  wall  pinning,  respectively  [10].  The 
least  desirable  soft  magnetic  performance  results  at  the  point  of  intersection  of  these  two 
switching  mechanisms  and  is  known  as  the  exchange  correlation  length  (roughly  the  width  of  the 
magnetic  domain  wall)  [10].  The  D"1  line  corresponds  to  conventional  crystalline  alloys  which 
clearly  improve  with  increasing  grain  size  because  of  lesser  amounts  of  domain  wall  pinning  at 
grain  boundaries  [10].  The  D6  line  corresponds  to  amorphous  alloys,  with  their  lack  of  grains 
and  grain  boundaries,  results  in  lower  losses  than  the  conventional  large-grained  alloys  [10]. 

1.3.2  FINEMET  /  VITROPERM 
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In  1988  Yoshizawa  et  al.  produced  the  first  of  these  nanocrystalline  commercial 
materials,  Fe73.5Cu1Nb3Si13.5B9,  by  altering  a  common  Fe-Si-B  amorphous  alloy  with  the 
addition  of  small  amounts  of  Nb  and  Cu  [1 1,12].  This  alloy  type  is  referred  to  as  either 
FINEMET  or  VITROPERM  [2].  The  addition  of  Cu  and  Nb  acted  as  nucleation  sites  for  a- 
(Fe,Si)  nano  crystallites  and  hindered  grain  growth  yielding  crystals  with  grain  sizes  of  about  10- 
20  nm  [11].  The  alloys  based  on  the  Fe-Si-Nb-B-Cu  composition  have  extremely  low  losses 
with  moderate  saturation  magnetization  and  operation  temperatures  [7,  13].  This  alloy  type  can 
be  operated  effectively  up  to  about  120°C  without  degradation  of  performance  because  of  the 
Curie  temperature  of  amorphous  phase,  Tcam,  being  close  to  327°C  (-600K)  [10].  From  this 
initial  composition  other  nanocrystalline  material  were  created  by  slight  alteration  to  this  original 
nanocrystalline  composition. 

1.3.3  NANOPERM 

The  NANOPERM-type  alloys  with  the  general  composition  of  Fe-Zr-B-(Cu)  are  most 
closely  related  to  the  FINEMET  alloys.  This  composition  yields  a-Fe  nanocrystallites,  which 
has  the  advantage  of  20%  larger  magnetization  over  FINEMET’s  a-(Fe,Si)  nanocrystallite  [14]. 
However  the  a-Fe  based  NANOPERM  has  a  lower  operation  temperature  and  slightly  larger 
losses  than  the  a-(Fe,Si)  based  FINEMET-type  alloys.  This  lower  operation  temperature  limits 
their  use  to  room  temperature  application  because  of  their  lower  Tcam.  In  addition,  the 
production  of  this  alloy  is  more  difficult  because  of  the  highly  reactive  nature  of  Zr  fonning 
oxides  which  further  deteriorate  the  magnetic  properties  [2]. 

1.3.4  HITPERM 

From  the  NANOPERM  alloy  type,  another  alloy  type,  HITPERM,  evolved  by  the  simply 
addition  of  another  element,  Co,  and  has  the  general  formula  of  Fe-Co-Zr-B-(Cu).  This 
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nanocrystalline  material  is  based  on  the  formation  of  a-  and  a’-(Fe,Co)  crystallites  [10].  These 
a-  and  a’-(Fe,Co)  crystallites,  with  their  A2  and  B2  crystal  structures  respectively,  result  in  high 
penneability  and  potential  higher  operation  temperature  for  the  alloy  system  [15].  The  potential 
higher  operation  temperature  can  exceed  600°C  as  the  substitution  of  Co  and  Fe  approaches  50% 
because  of  the  significant  improvement  in  Tcam  [16-18], 

1.3.5  Microstructure  Engineering  Magnetic  Nano  crystalline  and  Amorphous  Alloys 

From  these  three  common  alloys  systems  a  general  chemical  equation  for  all 
nanocrystalline  alloys  can  be  seen  to  be  (Fe,Co,Ni)-M-(B,Si)-Cu.  The  first  series  of  elements 
(Fe,  Co,  Ni)  are  ferromagnetic  transition  metals  and  compose  the  majority  weight  fraction  of  the 
alloy.  These  elements  provide  large  magnetization  and  a  high  Curie  temperature  [10].  The  M 
element  represents  early  transition  metals  in  the  periodic  table  (such  as  Zr,  Hf,  and  Mo)  and  is 
believed  to  help  to  impede  growth  by  increasing  activation  energies  for  diffusion  with  regard  to 
Fe-based  metallic  glasses  [19].  The  B  and  Si  additions  stabilize  the  amorphous  matrix  phase 
[19].  Arguably,  the  Fe-Co-Zr-B-(Cu)  alloys  with  a-  and  a’-(Fe,Co)  crystallites,  referred  to  as 
HITPERM-type  alloys,  are  the  most  mature  in  terms  of  microstructural  engineering  and 
magnetic  property  performances. 

In  the  current  work,  this  research  has  branched  out  from  HITPERM  by  exploring 
crystalline  kinetics,  microstructure  formations  and  magnetic  properties  in  the  Ni:Co  ratio  rather 
than  the  Fe:Co  ratio.  The  Ni-based  alloys  have  lower  magnetization  saturation  than  the  Fe  alloys 
making  those  less  likely  candidates  for  magnetic  energy  based  applications.  However,  Ni-based 
alloys  have  faster  crystallization  kinetics  than  Fe-based  alloys,  while  Co-based  alloys  have  the 
slowest  kinetics  of  these  three  [20].  Thus  by  selecting  Ni:Co  based  alloy  this  research  will 
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provide  the  last  data  needed  to  cover  the  complete  range  from  the  fastest  to  the  slowest 
crystallization  kinetics  with  regard  to  these  elements. 

Finally,  there  have  been  multiple  studies  investigating  whether  Cu  clusters  act  as 
heterogeneous  nucleation  sites  for  microstructural  engineering  these  crystallites  [21-23].  In  one 
study  it  was  indicated  that  the  addition  of  Cu  provides  heterogeneous  nucleation  sites  for  the 
nanocrystallites  a-FeCo  in  the  HITPERM  Fe-Co-Nb-B  alloys  [21].  Another  study  reported  Cu 
clusters  do  not  form  in  HITPERM  alloys  containing  Zr,  making  it  impossible  for  Cu  to  act  as 
heterogeneous  nucleation  sites  [22],  A  final  study  indicated  as  Co  content  increased  in 
FINEMET  alloys,  a  decrease  in  the  number  density  of  Cu  clusters  occurred  thus  reducing  their 
ability  to  be  heterogeneous  nucleation  sites  [23].  As  a  result  of  the  different  kinetics  possessed 
by  this  system,  the  role  Cu  plays  in  this  alloy  system  will  also  be  investigated  to  determine 
whether  or  not  Cu  clusters,  and  if  it  does  whether  or  not  it  acts  as  heterogeneous  nucleation  sites 
for  crystallization  to  detennine  its  correlation  to  the  varying  results  in  the  current  literature.  If 
the  Cu  or  Cu  clusters  play  no  role  as  a  heterogeneous  nucleation  site,  it  can  be  removed  for  the 
alloy  system  since  it  provides  no  benefit  as  a  nucleation  site  or  as  a  magnetic  material  itself. 

While  this  Ni:Co  alloy  system  will  not  optimize  the  soft  magnetic  properties,  it  will 
provide  critical  data  with  regard  to  crystallization  kinetics  for  the  nanocrystalline  research 
community.  This  data  will  only  lead  to  improvements  in  the  microstructural  engineering  of 
nanocrystalline  material,  which  is  the  most  crucial  factor  for  all  these  aforementioned  material 
systems. 
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Chapter  2  Experimental 


2. 1  Melt-Spinning  Processing 

Amorphous  metals  are  a  subdivision  of  bulk  metals.  The  unique  feature  differentiating 
amorphous  metals  from  bulk  metals  is  their  disordered  atomic  structure.  This  disordered 
structure  is  the  basis  for  amorphous  metals  being  categorized  as  non-crystalline,  while  most 
metals  with  their  highly  ordered  atomic  arrangements  are  categorized  as  crystalline  materials. 
Amorphous  metals  generally  achieve  this  disordered  atomic  structure  through  an  extremely  rapid 
cooling  process  of  the  liquid  metal,  but  other  techniques  including  physical  vapor  deposition, 
solid-state  reactions,  ion  irradiation,  and  mechanical  alloying  can  produce  amorphous  metals  [10, 
24-27].  One  example  of  an  extremely  rapid  cooling  procedure  is  melt-spinning,  which  was 
utilized  to  producing  the  alloys  in  this  research.  Melt-spinning  generates  rapid  cooling  on  the 
order  of  106  °C/sec  by  pouring  molten  metal  onto  a  spinning  metal  disk.  This  rapid  cooling  is  so 
fast  that  crystallization  does  not  occur  and  a  glassy  metal  or  amorphous  phase  results. 

A  series  of  (Coi.xNix)88Zr7B4Cui  alloys  with  different  Ni  content  (x  =  0,  0.25,  0.5,  0.75, 
and  1)  were  studied.  Five  ingots  at  the  designated  compositions  were  made  via  arc  melting 
under  an  Ar  atmosphere  with  a  Ti  getter  to  further  reduce  any  possible  oxidation.  Each 
elemental  constituents  were  >  99.97  at.%  pure.  The  elemental  constituents  for  each  composition 
were  weighed  together  to  get  an  overall  weight  for  the  composition.  The  ingots  were  remelted  at 
least  three  times  to  ensure  all  elemental  constituents  were  homogeneously  melted  within  the 
ingot.  Once  the  ingots  had  cooled  to  room  temperature,  they  were  weighed  and  the  percent 
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weight  change  was  calculated  to  ensure  that  any  change  was  <1%.  Weight  changes  greater  than 
that  would  suggest  oxidation  or  crucible  contaminants  in  the  sample  creating  weight  gains  or 
losses.  The  weight  conversions,  final  weights,  and  percent  change  for  all  the  compositions  can 
be  seen  in  Appendix  6- 1 .  The  last  step  in  prepping  the  ingots  was  to  remove  their  outer  layer  to 
ensure  no  oxides  remained  by  manually  grinding  this  layer  off. 

The  ingot  was  then  prepared  for  the  melt-spinning  process.  This  was  done  by  placing  a 
Boron  Nitride  tube  in  a  lathe  and  rotating  it.  While  the  tube  was  rotating,  an  oxygen  torch  was 
placed  on  one  end  of  the  tube.  The  heat  from  the  torch  caused  the  end  of  the  tube  to  enclose 
upon  itself.  Once  an  orifice  was  ~  24-32  mils  at  the  end  of  the  tube,  the  heat  was  removed. 


Crucible 

Molten 

Alloy 


Induction 

Coils 

Melt-Spun 
Ribbon 


Quenching  Wheel 


Figure  2-1  Schematic  of  the  melt-spinning  process. 

A  schematic  of  the  entire  melt-spinning  process  can  be  seen  in  Figure  2-1.  For  the  melt¬ 
spinning  process,  the  ingot  was  placed  within  the  Boron  Nitride  tube  which  acts  as  the  crucible, 
while  the  open  end  of  the  tube  had  cork  placed  in  it.  Through  the  cork,  a  gas  line  of  He  was  run. 


9 


The  crucible  was  placed  within  the  high  frequency  coils  where  the  crucible  is  positioned  during 
the  melt-spinning  process.  Once  the  cork  and  crucible  were  secured  into  place,  the  melt-spinning 
apparatus  door  was  closed,  and  a  mechanical  pump  was  used  to  evacuate  the  chamber  before  the 
process  begins.  Then  the  Cu  wheel  speed  was  gradually  turned  up  to  50  m/s,  and  the  current 
running  through  the  coils  was  increased  until  the  ingot  liquefied  because  of  induction  heating.  A 
partial  pressure  of  He  was  then  applied  to  the  liquefied  ingot  to  overcome  the  surface  tension  of 
the  liquid  forcing  its  ejection  onto  the  rapidly  spinning  Cu  wheel.  The  molten  material,  once  in 
contact  with  the  spinning  Cu  wheel,  solidified  at  cooling  rates  of  up  to  106  °C/s  [10].  The  rapid 
cooling  promoted  amorphous  structure  upon  cooling.  The  re-solidified  alloy  fonned  into  ribbons 
that  were  approximately  20-60  pm  in  thickness  and  2-3  mm  in  width,  respectively.  A  portion  of 
one  of  the  ribbons  can  be  seen  in  Figure  2-2.  The  entire  ingot  was  ejected  on  the  rotating  Cu 
wheel  in  approximately  5-10  seconds. 


Figure  2-2  Portion  of  melt-spun  ribbon  from  this  alloy  series. 
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2.2  Differential  Scanning  Calorimetry  (DSC) 

The  ribbons  were  analyzed  by  Differential  Scanning  Calorimetry  (DSC)  to  determine 
the  primary  and  secondary  crystallization  temperatures  of  the  ribbons.  The  DSC  was  performed 
using  a  Netzsch  STA  449  FI  Jupiter  system  at  scanning  rates  of  2,  5,  10,  20,  and  50°C/min.  DSC 
works  by  having  a  reference  system  and  the  sample  to  be  analyzed  in  a  chamber  that  was  cycled 
through  a  range  of  temperatures.  The  machine  measured  the  difference  in  temperature  between 
the  sample  and  a  Pt  cup  reference,  which  does  not  undergo  any  phase  transformation  event. 

Thus,  any  temperature  difference  recorded  indicates  either  an  exothermic  or  endothermic  event 
occurring  within  the  sample.  The  crystallization  was  an  exothermic  event  within  these  samples. 
For  this  experiment,  approximately  10  grams  of  the  varying  compositions  were  placed  into  a  Pt 
cup  with  the  reference  cup  remaining  empty.  The  heating  cycle  went  from  25°C  to  925°C  for  all 
the  runs  for  these  compositions. 

From  the  DSC  runs,  the  primary  and  secondary  crystallization  temperatures  for  each 
alloy  were  determined.  With  this  knowledge,  the  Kissinger  Method  was  used  to  calculate  the 
activation  energy,  Q  (kJ/mol),  for  primary  crystallization  at  each  composition  [28].  The  Kissing 
equation  is  generally  written  as 

where  ®,  Tp,  A,  R,  and  Q  represent  the  heating  rate,  primary  crystallization  temperature,  a  pre¬ 
exponential  factor,  the  gas  constant,  and  activation  energy  respectively.  The  Kissinger  Method 
works  by  plotting  the  inverse  of  the  primary  crystallization  temperature  in  Kelvin  (K)  versus  the 
natural  logarithm  of  the  heating  rate  divided  by  the  primary  crystallization  temperature  squared. 
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The  slope  of  these  lines  multiplied  by  the  universal  gas  constant  (R)  yields  the  activation  energy 
(Q)  for  crystallization. 


2.3  Encapsulations  and  Heat  Treatment 

From  the  primary  and  secondary  crystallization  determined  using  DSC,  one  annealing 
temperatures  for  each  composition  was  set.  The  temperature  selected  for  each  composition  was 
the  primary  crystallization  peak  temperature  (Tp).  All  of  these  anneals  were  performed  in  a  box 
furnace  for  one  hour  and  water  quenched  when  finished.  All  of  the  samples  used  for  annealing 
were  encapsulated  in  Boron  Nitride  tubing.  In  the  similar  fashion  as  was  used  to  preparing  the 
crucible,  the  tube  was  placed  in  a  lathe  and  rotated.  While  the  tube  was  rotated,  an  oxygen  torch 
was  placed  on  one  end  of  the  tube  with  the  heat  causing  the  end  of  the  tube  to  enclose  upon 
itself. 


Once  the  end  of  the  sealed  tube  had  cooled  to  room  temperature,  a  sample  was  placed  in 
the  enclosed  end.  Then  a  neck  was  created  in  the  tubing  above  the  sample  by  placing  the  torch 
on  this  section  and  using  the  lathe  to  slowly  stretch  the  tube  to  a  thinner  diameter  while  it  was 
malleable  from  the  heat.  After  the  neck  had  cooled,  a  Ti  getter  was  placed  above  the  neck.  A 
final  neck  was  created  on  the  other  side  of  the  Ti  getter.  The  tube  was  removed  from  the  lathe 
and  the  open  end  of  the  tube  was  placed  into  a  fixture  with  a  mechanical  pump  attached.  A 
vacuum  was  pulled  on  the  tube  and  then  backfilled  with  argon.  This  step  was  repeated  three 
times  to  remove  all  residual  oxygen.  After  the  last  backfill  of  argon,  the  torch  was  used  to 
completely  seal  the  last  neck  created  above  the  Ti  getter. 
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2.4  Magnetic  Properties  Measurement 

The  ribbons  were  analyzed  by  Vibrating  Sample  Magnetometry  (VSM)  to  determine  the 
coercivity  and  saturation  magnetization  for  each  ribbon.  The  VSM  was  performed  using  a  DMS 
VSM  Model  4HF.  The  coercivity  measurements  were  performed  at  room  temperature  using  an 
applied,  reversible  field  of  20  kOe. 

2.5  Specimen  Characterization 

The  following  instruments  and  techniques  were  used  to  characterize  the  processed 
specimens.  Detailed  procedures  are  given  in  the  proceeding  sections.  The  results  and  calculations 
incorporated  with  them  may  be  found  in  the  following  chapter  and  appendix. 

2.5.1  Phillips  APD  3520 

The  first  technique  used  for  phase  identification  was  X-ray  diffraction  (XRD).  The  actual 
scans  were  performed  with  a  Phillips  APD  3520  using  a  Cu  Ka  source.  The  parameters  used  for 
each  scan  were  a  step  interval  of  0.02  degrees/step  and  a  collection  time  of  2  seconds/step.  In 
addition,  all  scans  were  perfonned  on  the  wheel  side  of  the  ribbons.  The  ribbons  were  cut  into 
lengths  of  approximately  12-15  cm  with  five  to  seven  lengths  of  ribbon  taped  side  by  side  onto 
the  glass  slide  using  adhesive  carbon  tape. 

2.5.2  FEI  Tecnai  F-20  Transmission  Electron  Microscope  (TEM) 

The  microstructure  characterization  was  performed  using  a  200  keV  field  emission  FEI 
F20  G“  F20  Supertwin  (scanning)  transmission  electron  microscope  ((S)TEM).  Bright  and  dark 
field  imaging  was  used  to  differentiate  between  the  crystalline  and  amorphous  regions  within  the 
specimen  and  calculate  average  grain  size  for  the  different  specimens.  Selected  Area  Electron 
Diffraction  (SAED)  allowed  for  indexing  of  diffraction  patterns  to  identify  crystalline  phases 
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present  within  the  specimen.  Finally,  High  Angle  Annular  Dark  Field  (HAADF)  images  were 
taken  to  provide  qualitative  compositional  information.  In  the  HAADF  mode,  the  intensity 
scales  with  atomic  number,  ~~Z  '  [29]  with  higher-atomic  number  species  appearing  brighter. 

TEM  specimens  were  prepared  by  ultrasonically  drilling  3  mm  diameter  discs  from  the 
ribbon  material.  The  next  step  varied  slightly  depending  on  the  sample’s  thickness.  If  the 
thickness  was  <  25  pm,  the  sample  was  immediately  ion-milled.  If  the  thickness  was  >  25  pm, 
the  sample  was  dimpled  in  the  middle  of  the  discs  with  6  micron  diamond  past  and  then  ion- 
milled.  The  ion-milling  was  performed  using  the  Precision  Ion  Polishing  System  (GATAN691) 
at  4  keV,  24-30  inA,  and  top  and  bottom  incident  angle  of  10°  to  create  the  initial  perforation. 

The  perforation’s  edges  were  then  “cleaned  up”  using  1-2  keV,  8-20  mA,  and  top  and  bottom 
angles  of  7°  for  final  thinning.  For  the  samples  that  indicated  the  presence  of  any  amorphous 
phase,  the  ion-milling  was  perfonned  at  cryogenic  temperature  using  a  liquid  nitrogen  cold 
finger  at  the  specimen  foil.  This  ensured  the  sample  did  not  heat-up  and  generate  an  artificial 
crystallization  from  the  sample  preparation. 

2.5.3  Cameca  Local  Electrode  Atom  Probe  (LEAP®)  3000XSi 

Atom  probe  tomography  (APT),  which  provides  a  three  dimensional  reconstructed 
rendering  of  atoms  with  near  atomic  resolution,  was  utilized  to  further  investigate  the  spatial 
compositions  in  these  alloys.  The  technique  works  by  applying  a  high  voltage  pulse  to  a 
specimen  tip  that  has  a  radius  of  curvature  of -50-100  nm  whereupon  atoms  on  the  surface  field 
evaporate  [30-32],  The  atoms,  now  ions,  are  accelerated  to  a  position  sensitive  and  time-of- 
flight  detector  used  to  determine  the  spatial  location  of  the  individual  atoms  (through 
reconstructing  the  flight  paths)  with  near  atomic  3-dimensional  resolution  (z<0.05  nm  and  x- 
y<0.5nm).  The  atoms  are  identified  by  their  mass-to-charge  ratio.  Recent  advances  over  the  past 
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decade  have  allowed  the  atom  probe  technique  to  expand  the  field  of  view  from  ~  1 5  mn  to  over 
200  mn  [33],  easily  assuring  the  region  of  interest  can  be  captured.  The  positively  charged,  mass 
spectral  time-of-flight  detector  collects  the  ionized  atoms  from  the  specimen  of  interest  due  to 
the  field  applied  to  it  [30,34].  By  reconstructing  the  evaporated  ions’  path,  a  three-dimensional 
model  of  the  ions  positions  can  be  generated  which  can  then  provide  local  chemistry  around  the 
ion.  The  time-of-flight  detector  works  by  pulsing  either  an  applied  voltage  in  voltage  mode  or  a 
laser  in  laser  mode  then  measuring  the  time  for  the  ion  to  hit  the  detector  to  determine  the  mass 
over  charge  ratio  (m/q)  of  the  ion. 

The  APT  analysis  was  performed  using  a  Cameca  (formally  Imago  Scientific 
Instruments)  Local  Electrode  Atom  Probe  (LEAP®)  3000XSL  The  LEAP  has  higher  data 
acquisition  rates  and  an  increased  field  of  views  (>100nm)  in  comparison  to  traditional  atom 
probes  [32].  The  LEAP  analysis  chamber  was  maintained  <  10'10  Torr.  The  atom  probe  analysis 
of  the  as-spun  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25)  was  ran  in  laser  mode  at  a  base  set-point 
temperature  of  30  K,  a  pulse  energy  of  0.2  nJ,  and  a  pulse  rate  of  250  kHz  because  of  a 
propensity  of  fracture  failures  noted  when  the  sample  was  field  evaporated  in  the  voltage 
evaporation  mode.  The  pulsing  electric  field  can  generate  significant  electrical-induced  stress  in 
the  tip.  The  atom  probe  analyses  for  all  other  specimens  were  run  in  the  voltage  mode  with  a 
base  set-point  temperature  of  30  K,  pulse  fraction  of  20  -  25%,  and  a  pulse  rate  of  200  kHz.  The 
obtained  LEAP  datasets  were  analyzed  using  Imago’s  Visualization  and  Analysis  Software 
(IVAS)  3.4.1. 

To  ensure  accurate  data  analysis,  optimization  of  voxel  size  was  performed  which  (1) 
showed  the  phase  composition  consistent  with  nominal  composition,  and  (2)  minimized  the 
value  of  the  length  of  compositional  profile,  ACf .  Note  that  the  length  of  compositional  profile, 
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ACf  is  a  parameter  for  selection  of  block  size  defined  by  the  length  of  the  composition  profile 
[35].  For  further  details  on  optimization  of  voxel  size  read  [36]. 

2.5.4  FEI  Quanta  Dual -Beam  Focused  Ion  Beam  (FIB) 

For  a  sample  to  be  field  evaporated  in  the  LEAP,  a  specimen  must  have  a  radii  of 
curvature  of  ~  100  nm  or  smaller.  To  achieve  a  needle  like  geometry,  the  atom  probe  specimens 
were  prepared  via  site-specific  extraction  using  a  FEI  Quanta  Dual-Beam  focused  ion  beam  - 
scanning  electron  microscope  (FIB-SEM),  which  was  equipped  with  an  Omniprobe 
micromanipulation  lift-out  system  and  a  gas  injection  system  (GIS).  In  the  atom  probe  specimen 
preparation,  a  sacrificial  Pt  cap  was  deposited  onto  the  specimen  surface  to  reduce  Ga  ion 
damage  and  implantation  [37].  In  addition,  the  initial  cutting  was  performed  using  an 
accelerating  voltage  of  30  keV  in  the  FIB  with  the  final  milling  utilized  an  accelerating  voltage 
of  5  keV,  which  dramatically  reduced  the  Ga  ion  implantation  and  surface  damage  to  the 
specimen  [38].  The  lift-out  specimens  were  placed  onto  pre-fabricated  Si  mounting  posts  and 
attached  to  the  post  using  the  Gas  Injection  System  (GIS)  Pt  deposition  tool  of  the  FIB.  This 
step  and  the  step’s  prior  can  be  seen  in  Figure  2.3. 


Figure  2-3  Pictures  illustrating  each  step  in  the  lift-out  procedure. 

After  the  individual  specimens  were  attached  to  the  Si  posts,  annular  ion  milling  was 
used  to  sharpen  the  tips  to  the  appropriate  geometric  needle  shape  required  for  field  evaporation. 
During  this  sharpening  process  typically  large  diameters  and  higher  beam  currents  were  utilized 
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first  and  sequentially  decreased  as  one  proceeds  through  the  multiple  annular  FIB  milling  steps 
[37].  Further  details  of  FIB-based  atom  probe  preparation  can  be  found  elsewhere  [39]. 
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Chapter  3  Microstructure  and  Phase  Kinetics 
3.1  Differential  Scanning  Calorimetry  (DSC)  and  X-ray  diffraction  (XRD)  Results 
The  primary  crystallization  temperatures,  Tp,  for  each  of  the  compositions  were 
determined  by  Differential  Scanning  Calorimetry  (DSC).  Figure  3- 1(a)  shows  the  exothennic 
peak  associated  with  the  Tp  for  each  of  the  as-spun  ribbons.  The  Tp  temperatures  are  tabulated  in 
Table  3-1.  A  Tp  was  noted  for  all  specimen  except  the  X=1.0  or  the  Co-free  ribbon.  As  the  Ni 
content  increased,  the  exothermic  heat  flow  shifted  to  a  lower  temperature  and  its  intensity 
decreased.  These  results  indicated  a  pre-existing  volume  fraction  of  crystalline  phase  prior  to 
annealing  and  would  be  consistent  with  the  structural  characterization  results  above.  The  lack  of 
a  Tp  in  the  X=1.0  ribbon  suggested  that  the  ribbon  was  fully  or  nearly  fully  crystallized  in  the  as- 
spun  state.  Based  on  these  DSC  results,  the  following  three  annealing  temperatures  were  chosen 
for  each  specimen:  20°C  below  Tp,  Tp,  and  50°C  above  Tp  for  one  hour. 


Table  3-1  The  primary  crystallization  temperatures  Tp  used  for  annealing  of  each  ribbon  with 
varying  Ni  content.  *  an  exothermic  peak  for  primary  crystallization  peak  was  not  visible  for  this 
composition  so  this  temperature  was  selected. 


(Coi.xNix)88Zr7B4Cui;  Nickel  Content  (X) 

Tp  annealing  temperatures  (°C) 

1.0 

424°C  * 

0.75 

41 1°C 

0.5 

415°C 

0.25 

447°C 

0 

490°C 

18 


For  the  Co-rich  and  equi-atomic  ribbons  (X=0,  0.25,  and  0.5),  the  XRD  spectrum  for  the 
as-spun  alloys,  Figure  3- 1(b),  showed  broad  peaks  near  45  degrees  and  80  degrees  20.  This  is 
indicative  of  an  amorphous  structure,  which  was  confirmed  by  the  TEM  micrographs  shown  in 
Figure  3-2.  As  the  Ni  content  increased  (X=0.75  and  1.0)  the  clear  onset  of  crystallization  was 
evident  in  the  XRD  spectrum  seen  in  Figure  3- 1(b).  The  broad  peaks  in  the  high  angle  spectrum 
were  replaced  with  sharp  peaks.  These  peaks  were  consistently  indexed  to  a  face  centered  cubic 
(fee)  phase.  The  onset  of  these  prevalent  diffracted  peaks  is  indicative  of  partial  or  full 
crystallization  in  the  microstructure.  The  presence  of  more  crystalline  phase  would  explain  the 
decrease  in  the  DSC  crystalline  peak  since  a  portion  of  the  sample  was  already  crystallized  in  the 
as-spun  state.  The  XRD  spectrums  of  the  alloys  annealed  at  Tp  are  plotted  in  Figure  3- 1(c).  A 
transition  from  a  hexagonal  close  packed  (hep)  main  crystalline  phase  for  the  Co-rich  ribbons 
(X-0.5)  to  a  primary  face-centered  cubic  (fee)  phase  is  observed  with  increasing  Ni  content.  At 
X=1.0,  an  additional  crystalline  phase,  Ni5Zr,  was  observed.  Additional  diffraction  rings  of 
NfiZr  were  observed  in  the  electron  diffraction  results  to  be  shown  in  Chapter  3.1. 
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Temperature  (C) 


20  40  60  80  100  120 


20  (degrees) 

Figure  3-1  (a)  DSC  traces  obtained  from  as-spun  ribbons,  (b)  and  (c)  are  XRD  profiles  of  as- 
spun  ribbons  and  annealed  ribbons,  respectively. 
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3.1.1  Differential  Scanning  Calorimetry  (DSC)  and  X-ray  diffraction  (XRD)  Discussion 
With  increasing  Ni  content,  the  (Coi_xNix)88Zr7B4Cui  alloys  exhibited  faster 
crystallization  kinetics.  This  was  manifested  by  the  presence  of  the  crystalline  phases,  even  in 
the  as-spun  condition,  for  the  X=0.75  and  1.0  ribbons’  XRD  spectra,  TEM  characterization,  and 
lower  Tp  peak’s  in  the  DSC  curves.  Using  the  Kissinger  method  [28],  the  activation  energies 
were  determined  using  the  DSC  data  of  Figure  3-l(a).  Table  3-2  is  a  tabulation  of  the  results 
which  confirmed  a  decreasing  activation  energy  barrier  with  increasing  Ni  content.  Clearly,  this 
reduction  plays  a  dominate  role  in  the  crystallization  of  alloy. 

Table  3-2:  Activation  energies  calculated  from  DSC  data  using  Kissinger  Method  compared  to 
Ni  content  (x). 


(Coi.xNix)88Zr7B4CuiNickel  Content  (X) 

Activation  Energy  (kJ/mol) 

0 

322 

0.25 

284 

0.5 

225 

0.75 

201 
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3.2  Transmission  Electron  Microscopy  (TEM)  and  Atom  Probe  Tomograghy  (ATP)  Results 
TEM  micrographs,  Figure  3-  2,  of  as-spun  (Coi_xNix)88Zr7B4Cui  (X=0.25,  0.75  and  1.00) 
alloys  were  taken.  For  the  (Coo.75Ni0.25)88Zr7B4Cui  (X=0.25)  alloy,  the  selected  area  diffraction 
(SAED)  patterns  and  the  bright  field  TEM  micrographs  in  Figures  3-2(a)  and  (b),  respectively, 
confirmed  that  the  majority  of  the  alloy  consisted  of  an  amorphous  phase.  Upon  closer 
inspection  of  the  SAED  pattern,  Figure  3-2(a),  a  faint  hexagonal  close  packed  (hep)  ring  can  be 
indexed.  These  nanoscale  crystallites  are  evident  by  their  diffraction  contrast  in  Figure  3-2(b). 
The  lack  of  XRD  diffraction  of  this  phase  confirms  that  its  volume  fraction  was  below  the  XRD 
detection  limit.  This  is  in  agreement  with  these  TEM  results  which  showed  that  the  crystallites 
are  rare  and  spatially  well  separated.  The  TEM  SAED  and  bright  field  images  of  the  Ni-rich 
(X=0.75  and  1.0)  ribbons,  Figures  3-2(c)-(f),  clearly  revealed  crystalline  diffraction  rings,  whose 
phase  is  consistent  with  the  XRD  pattern.  The  diffraction  contrast  from  the  crystallites  is 
apparent  in  Figure  3-2(d)  and  (f)’s  micrographs.  Upon  reviewing  the  bright  field  micrographs 
for  the  X=0.25,  0.75  and  1.0  ribbons,  the  crystallites  consistently  increased  in  size  from 
approximately  5  mn  up  to  50  nm  with  increasing  Ni-content. 
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Figure  3-2  Selected  area  diffraction  (SAD)  patterns  and  bright  field  TEM  images  of  as-spun 
(Coi_xNix)88Zr7B4Cui  (X=0.25,  0.75  and  1.00)  alloys,  (a)  and  (b),  (c)  and  (d)  and  (e)  and  (f)  are 
those  obtained  from  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25)  ,  (Coo.25Ni0.75)88Zr7B4Cui  (X=0.75)  and 
Co88Zr7B4Cui  (X=1.00)  alloy,  respectively. 


23 


High  Angle  Annular  Dark  Field  (HAADF)-Scanning  TEM  (STEM)  images  of  the  as- 
spun  (Coo.75Ni0.25)88Zr7B4Cui  (X=0.25)  and  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75)  alloys,  Figure  3-3 
(a)  and  (b),  were  taken  to  provide  qualitative  compositional  information.  Recall  that  the  higher 
atomic  number  species  appear  brighter  in  HAADF  images.  In  both  images,  the  grain  boundaries 
are  observed  to  exhibit  a  dimmer  contrast  than  the  interior  portion  of  the  grains.  This  indicates 
possible  chemical  partitioning  of  the  low  atomic  species  to  the  grain  boundaries.  As  will  be 
shown  in  the  atom  probe  data,  boron  was  found  to  be  preferentially  enriched  in  the  grain 
boundaries.  A  dark  field  image,  Figure  3-3(c),  also  revealed  fine  Ni-rich  particles  in  the  grain 
boundaries  using  the  Ni5Zr  rings  in  Figure  3-2  (c). 


Figure  3-3  HAADF-STEM  images  obtained  from  as-spun  (a)  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25) 
and  (b)  Co88Zr7B4Cui  (X=1.00)  alloy,  (c)  is  the  dark  field  TEM  image  exciting  a  part  of  the 
Ni5Zr  ring  in  Fig.  3-2  (e)  obtained  from  Co88Zr7B4Cui  (X=1.00)  alloy. 
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Atom  probe  tomography  reconstructions,  Figure  3-4(a-c),  of  the  (Coo.75Nio.25)88Zr7B4Cui 
(X=0.25)  ribbon  revealed  chemical  partitioning  and  clustering  in  the  as-spun  state.  An 
enrichment  of  Co  is  detected  to  be  in  the  amorphous  phase  where  as  the  Ni  partitioned  to  the 
crystalline  phase,  Figure  3-4(b).  A  slight  increase  in  Zr  is  also  noted  in  the  Ni  crystalline  phase 
as  compared  to  the  Co  amorphous  phase.  With  regards  to  B  and  Cu,  there  appears  to  be  no 
preferential  segregation  to  the  Co-rich  amorphous  phase  or  the  Ni-rich  crystalline  phase.  A 
clustering  analysis,  that  utilized  the  envelope  clustering  method  [40],  was  perfonned  to 
determine  if  Cu  was  acting  as  a  heterogeneous  nucleation  site  for  the  Ni-rich  crystallites.  If  the 
clusters  are  enveloped  by  the  Ni  content,  one  could  infer  that  it  acted  as  a  hetergenous  nucleation 
site.  From  the  concentration  map  in  Figure  3-4(c),  the  Cu  cluster  is  in  a  region  with  neither  the 
highest  nor  the  lowest  Ni  content.  This  suggests  the  Cu  is  not  acting  as  a  heterogeneous 
nucleation  site  for  crystallization. 
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Figure  3-4  (a)  Ion  maps  of  Co,  Ni,  and  B  from  the  as-spun  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25) 
atom  probe  tip.  (b)  Proximity  histogram  generated  from  the  Co  isoconcentration  surface  (66.08 
at.%)  using  voxel  size  of  2.1  nm.  (c)  2D  concentration  map  of  Ni  content  with  Cu  cluster 
encircled. 
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Atom  probe  tomography  reconstructions,  Figure  3-5(a-c),  were  conducted  on  the 
(Coo.25Nio.75)88Zr7B4Cui  (X=0.75)  ribbon.  The  proximity  histogram.  Figure  3-5(b),  confinned  a 
partitioning  of  Ni  to  the  crystalline  phase  and  a  strong  depletion  of  Co  away  from  the  crystalline 
phase.  As  noted  previously  in  Figure  3-4,  there  appeared  to  be  a  slight  increase  in  Zr 
concentration  in  the  crystalline  phase  as  compared  to  the  intergranular  matrix.  A  clustering 
analysis  was  once  again  performed  to  determine  if  Cu  clusters  were  present  near  Ni-enrichment. 
From  the  concentration  maps,  Figure  3-5(c),  one  Cu  cluster  is  completely  enveloped  within  a 
region  of  high  Ni  content  while  a  second  Cu  cluster  is  partially  enveloped  in  a  region  of  higher 
Ni  concentration.  The  higher  concentration  of  Ni  and  its  partitioning  to  crystalline  phase 
prohibited  a  clear  and  spatially  resolvable  detennination  if  the  Cu  clusters  solely  acted  as  a 
heterogeneous  nucleation  site  for  this  ribbon. 
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Figure  3-5  (a)  Ni  isoconcentration  surface  (68.19  at.%)  along  with  the  B  ions  obtained  from  as- 
spun  (Coo.25Ni0.75)88Zr7B4Cui  (X=0.75)  alloy,  (b)  Proximity  histogram  generated  from  the  Ni 
isoconcentration  surface  (65.0  at.%)  using  a  voxel  size  of  2.8nm.  (c)  2D  concentration  map  of  Ni 
content  with  two  different  Cu  clusters  encircled. 
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TEM  micrographs  for  the  Tp  annealed  ribbons,  Figure  3-6,  of  (Coo.75Nio.25)88Zr7B4Cui 
(X=0.25)  and  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75).  The  SAED  pattern  from  the  Tp  annealed 
(Coo.75Nio.25)88Zr7B4Cui  (X=0.25)  alloy  ribbon,  Figure  3-6(a),  consisted  of  reflections  from  the 
matrix  hep  phase,  a  NUZr  phase,  and  a  diffuse  halo  ring  associated  with  the  amorphous  phase. 
The  latter  ring  indicates  that  full  crystallization  has  not  been  completed.  The  bright  field 
micrograph  of  Figure  3-6(b)  showed  fine  scale  hep  crystallites  that  are  homogeneously  dispersed 
within  the  matrix.  The  average  grain  size  of  these  hep  crystallites  was  approximately  10  to  20 
nm. 


The  SAD  pattern  of  the  Tp  annealed  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75)  ribbon,  Figure  3- 
6(c),  confirmed  the  XRD  results  that  the  main  constituent  phase  is  fee.  Additional  ring  patterns 
from  the  Ni5Zr  were  observed  and  are  in  agreement  with  the  XRD  phase  identification.  From  the 
bright  field  micrograph  in  Figure  3-6(d),  the  average  grain  size  of  the  crystallites  was 
approximately  20  to  30  nm,  which  is  slightly  larger  than  the  approximately  15  to  20  nm  seen  in 
the  as-spun  ribbon  for  the  equivalent  composition. 
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Figure  3-6  (a)  Selected  area  diffraction  (SAD)  pattern  and  (b)  bright  field  TEM  images  of  the  Tp 
annealed  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25)  alloy;  and  (c)  Selected  area  diffraction  (SAD)  pattern 
and  (d)  bright  field  TEM  images  of  the  Tp  annealed  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75)  alloy. 


The  atom  map  reconstructions  and  proximity  histogram  from  the  annealed 
(Coo.75Nio.25)88Zr7B4Cui  (X=0.25)  alloy,  Figure  3-7(a)  and  (b),  revealed  that  the  annealing 
process  promoted  further  partitioning  between  the  Co  and  Ni  to  the  respective  amorphous  and 
crystalline  phases,  as  compared  to  the  previous  ribbon’s  atom  probe  data  set  in  Figure  3-4. 
Comparing  the  as-spun  proxigram  of  Figure  3-4(b)  to  the  annealed  proxigram  of  Figure  3-7(b), 
the  annealing  process  appeared  to  have  had  little  effect  on  the  slight  partitioning  of  Zr  to  the  Ni- 
enriched  crystallite.  The  B  partitioning  also  appeared  to  be  nonexistent  between  the  phases 
regardless  of  the  annealing.  As  done  previously,  a  clustering  analysis  of  Cu  was  perfonned  to 
determine  any  spatial  correlation  of  the  crystallization  to  the  Cu  present  in  the  alloy.  Figure  3- 
7(c)-(d)  revealed  two  separate  Cu  clusters  within  the  2D  concentration  map  for  both  Co  and  Ni. 
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The  cluster  in  Figure  3 -7(c)  is  in  a  nominal  region  of  Co  and  Ni  suggestive  that  it  did  not  act  as  a 
preferential  heterogeneous  nucleation  site  for  this  composition.  The  second  concentration  map, 
Figure  3-7(d)  revealed  that  the  Cu  cluster  is  in  a  nominal  region  of  Co  content,  but  the  cluster  is 
partially  enveloped  by  a  region  of  higher  Ni  content  leaving  any  results  ambiguous. 
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Figure  3-7  (a)  Ion  maps  of  Co,  Ni,  and  B  from  the  annealed  (Coo.75Nio.25)88Zr7B4Cui  (X=0.25) 
atom  probe  tip.  (b)  Proximity  histogram  generated  from  the  Co  isoconcentration  surface  (66. 18 
at.%)  using  a  voxel  size  of  1.8  nm.  (c)  2D  concentration  map  of  Co  and  Ni  content  respectively 
with  same  Cu  clusters  encircled,  (d)  2D  concentration  map  of  Co  and  Ni  content  respectively 
with  second  different  Cu  clusters  encircled  than  in  part  (c). 
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The  atom  probe  reconstructions  from  Tp  annealed  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75) 
alloy,  Figure  3-8(a),  confinned  further  chemical  partitioning  of  Ni,  Co,  and  B  between  the  phases 
as  previously  observed  in  the  as-spun  ribbon  of  the  same  composition.  The  slight  Zr  partitioning 
seen  in  Figure  3-8(b)  is  similar  to  all  previous  atom  probe  datasets;  it  showed  a  preference  to  the 
Ni-enriched  crystallite  phase.  The  Cu  clustering  overlaid  with  the  2D  concentration  map 
revealed  that  the  Cu  cluster  is  not  present  in  a  region  of  higher  than  nominal  Ni,  Figure  3-8(c), 
content  suggesting  that  the  Cu  did  not  act  as  a  preferential  heterogeneous  nucleation  site  for  the 
Ni-rich  crystalline  precipitation. 
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Figure  3-8  (a)  Ni  isoconcentration  surface  (65.74  at.%)  along  with  the  B  ions  obtained  from 
annealed  (Coo.25Nio.75)88Zr7B4Cui  (X=0.75)  alloy  using  a  voxel  size  is  2.5  mn  for  the  analysis  of 
this  dataset,  (b)  Proximity  histogram  generated  from  the  Ni  isoconcentration  surface  (65.74 
at.%).  (c)  2D  concentration  map  of  Ni  content  with  Cu  cluster. 
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3.2. 1  Transmission  Electron  Microscopy  (TEM)  and  Atom  Probe  Tomography  (ATP) 
Discussion 

The  atom  probe  data  sets  for  all  compositions  studied  revealed  a  chemical  partitioning  of 
Ni  to  the  crystallite  phase;  this  is  consistent  with  the  Kissinger  analysis  that  Ni  promoted  easier 
crystallization.  For  these  particular  crystallite  phases,  the  crystal  structure  was  determined  by 
whether  the  Co  or  Ni  was  the  dominate  composition.  This  is  consistent  with  the  binary  Co-Ni 
phase  diagram  [41],  were  Co-rich  alloys  are  hep-based  phases  and  Ni-rich  alloys  are  fee-based 
phases. 
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Figure  3-9  The  Nickel-Cobalt  binary  phase  diagram. 
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In  terms  of  the  crystallization  kinetics,  the  Cu  clusters  did  not  appear  to  significantly 
influence  the  spatial  precipitation  behavior  for  any  alloys  characterized;  this  was  manifested  by 
relative  insensitivity  of  Cu  concentration  between  the  phases  in  the  atom  probe  derived 
proximity  histograms  in  Figures  3-4(b),  3-5(b),  3-6(b),  and  3-7(b)  as  well  as  the  2D 
compositional  spatial  maps  with  the  overlay  of  the  cluster  location.  If  Cu  were  a  heterogeneous 
nucleation  site,  its  impact  would  have  an  even  greater  impact  in  the  as-spun 
(Co0.75Nio.25)88Zr7B4Cui  (X=0.25)  Ni-lean  alloy  with  its  slower  kinetics  as  compared  to  the  as- 
spun  (Coo.25Ni0.75)88Zr7B4Cui  (X=0.75)  Ni-rich  alloy  with  its  faster  kinetics.  This  was  not 
observed  in  the  atom  probe  data  sets.  Since  the  Cu  clusters  played  no  role  as  a  nucleation  site  for 
the  as-spun  version,  it  seemed  highly  unlikely  that  it  would  give  any  additional,  favorable  energy 
considerations  for  the  annealing  process  and  subsequent  crystallite  nucleation.  Moreover,  the 
AHmix  for  Cu-Co  and  Cu-Ni  are  6  and  4  kJ/mol  [42]  respectively;  both  of  which  are  slightly 
endothermic  or  unfavorable  conditions.  Thus,  for  these  alloys,  the  major  chemical  character  of 
the  ribbon,  Co  verses  Ni,  was  more  dominate  on  promoting  crystallization  than  the 
heterogeneous  cluster  site  engineering  concepts,  as  previously  discussed  in  the  literature  [21-23]. 
Consideration  of  the  AHm;x  for  the  constitute  elements  should  also  be  considered  if  such  elements 
can  thermodynamically  mix  and  promote  heterogeneous  nucleation. 

Upon  crystallization,  the  crystallite  sizes  scaled  with  increasing  Ni-content.  Clearly,  the 
easier  to  crystallize  allowed  easier  growth  for  the  crystallites.  In  terms  of  the  other  microalloyed 
elements,  Zr  is  thought  to  inhibit  grain  growth  through  Zener  pinning  and/or  by  acting  as  a 
diffusion  barrier  [19].  The  atom  probe  data,  Figures  3-4(b),  3-5(b),  3-6(b),  and  3-7(b),  for  all  the 
alloys  revealed  Zr  partitioned  slightly  more  with  Ni.  The  AHm;x  for  Zr-Ni  and  Zr-Co  are  -49  and 
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-41  kJ/mol  [42]  respectively.  Since  both  are  exothennic  and  favorable  reactions,  with  the  Zr-Ni 
are  being  somewhat  more  energetically  favorable,  this  explains  the  slight  enrichment  observed. 

In  the  Co-rich  compositions,  this  Zr  elemental  separation  to  the  crystallite  was  intensified  in 
comparison  to  the  Ni-rich  composition  since  the  Ni  content  was  more  strongly  partitioned.  In  all 
cases,  the  Zr  did  not  partition  to  the  grain  boundaries.  Thus  its  ability  to  inhibit  grain  growth  of 
Ni  crystallites  would  be  limited  to  a  role  as  a  diffusion  barrier  rather  than  a  Zener  pinning 
mechanism. 

In  the  Co-rich  alloy  (X=0.25),  B  did  not  preferentially  segregate  to  either  the  amorphous 
or  crystalline  phases,  Figures  3-4  and  3-7.  The  AHm;x  for  Co-B  and  Ni-B  are  both  approximately 
-9  kJ/mol,  respectively.  In  contrast,  the  Ni-rich  alloys’  (X=0.75,  1.0)  strong  B  segregation  was 
noted  in  Figures  3-5  and  3-8.  Boron’s  partitioning  does  not  seem  to  be  primarily  controlled  by 
the  AHmix  since  Co-B  and  Ni-B  have  approximately  identical  values.  The  increased  Ni  content 
must  have  caused  a  switch  in  the  dominating  thermodynamic  behavior  for  B  that  resulted  in  the 
noticeable  segregation  of  B  to  the  grain  boundary  and/or  amorphous  regions. 

First,  Zr  is  a  much  more  favorable  mixing  reaction  with  Ni,  i.e.  Ni-Zr  AHmix  is  -49  kJ/mol 
compared  to  Ni-B  AHm;x  of  -9  kJ/mol.  Second,  B  is  a  known  glass  stabilizer  [1],  which  may 
account  for  its  preference  to  reside  in  the  boundaries  or  amorphous  regions  that  have  not  yet 
crystallized  in  the  as-spun  or  annealed  condition.  This  type  of  B  segregation  to  the  grain 
boundaries  and/or  amorphous  regions  is  constant  with  Ping  et  al.  and  Ohodnicki  et  al. 
observations  in  Co:Fe  alloys  [22,43]. 
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3.3  Magnetic  Measurements  Results 

Figure  3-9(a)  and  (b)  shows  the  variation  in  saturation  magnetization  and  coercivity  as  a 
function  of  Ni  content.  The  saturation  magnetization  of  the  ribbons  decreased  by  over  80%  as 
the  Ni  content  increased.  The  coercivity  increased  as  the  Ni  content  increased  for  both  as-spun 
and  annealed  ribbons.  The  only  exception  from  this  trend  was  the  Co-rich  (X=0.25)  alloy.  At 
each  composition,  annealing  did  result  in  a  slight  increase  in  the  coercivity  value. 
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Figure  3-10  (a)  Saturation  magnetization  versus  increasing  Ni  content  (X).  (b)  Coercivity  versus 
increasing  Ni  content  (X). 
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3.3.1  Magnetic  Measurement  Discussion 

From  Figure  3 -9(a),  the  saturation  magnetization  decreased  with  increasing  Ni  content. 
This  would  be  expected  since  Ni  has  a  lower  moment  than  Co  [44].  In  the  amorphous  state,  the 
magnetic  domains  are  crystallographically  not  defined  which  could  make  them  more  difficult  to 
saturate  [7].  Upon  crystallization,  it  can  become  easier  to  saturate  these  crystalline  domains. 
Unfortunately,  annealing  the  Ni-rich  ribbon,  with  various  minor  alloying  elements,  can  result  in 
the  precipitation  and  growth  of  extraneous  intermetallics  like  Ni5Zr  which  alter  the  saturation 
values  compared  to  elemental  Ni  [45]. 

Finally,  the  coercivity  increased  for  all  composition  with  annealing,  Figure  3-9(b).  This  is 
contributed  to  the  crystallization  and  increase  in  grain  size  with  annealing.  As  noted  by  Herzer 
[7,9],  coercivity  increases  with  grain  size  up  to  approximately  100  nm  for  these  nanocrystalline 
alloys.  This  behavior  occurs  because  the  domain  wall’s  thickness  exceeds  the  grain  size,  thus  the 
domain  wall  samples  several  grains  so  that  fluctuations  in  magnetic  anisotropy  that  are  on  the 
grain  size  length  scale  are  irrelevant  to  domain  wall  pinning  [1].  The  Ni  rich  alloys,  in  general 
had  larger  coercivity  values  because  of  their  larger  grain  sizes. 
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Chapter  4  Conclusion 


4.1  Major  Findings 

A  series  of  melt-spun  ribbons  with  a  composition  (Coi_xNix)88Zr7B4Cui,  where  X  varied 
from  0  to  1,  were  melt  spun  and  resulted  in  the  following  conclusions: 

By  increasing  Ni  content  in  the  (Coi-xNix)88Zr7B4Cui  alloy,  a  decrease  in  magnetic 
saturation,  an  increase  in  coercivity,  and  a  promotion  of  crystallization  (even  in  as- 
spun  condition  with  the  cooling  rates  of  ~  1  06  °C/s)  occurred. 

Atom  probe  tomography  revealed  partitioning  of  Ni  to  the  crystallites  where  as  Co 
trended  with  the  amorphous  phase. 

Atom  probe  tomography  indicated  that  Cu  did  form  clusters,  but  these  clusters  did  not 
act  as  heterogeneous  nucleation  sites  for  crystallization;  rather  the  Co:  Ni  chemical 
composition  was  dominate  and  AHmix  not  favorable.  This  was  in  agreement  with  the 
Kissinger  analysis  which  showed  a  reduction  in  the  crystallization  activation  energy 
with  increasing  Ni  content. 

Atom  probe  tomography  indicated  Zr  did  not  partition  to  the  grain  boundaries  and  has 
been  explained  in  terms  of  the  enthalpy  of  mixing  energies.  Therefore  it  could  not 
serve  as  a  Zener-pinning  grain  growth  impeding  mechanism. 
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B  segregated  to  the  amorphous  regions  for  the  Ni-rich  alloys  (X=0.75  &  1.0).  This 
has  been  contributed  to  its  role  as  a  glass  forming  additive  and  is  one  of  the  last 
elements  to  partition  to  the  Ni-rich  crystalline  phase. 

No  B  segregation  was  observed  in  the  Co-rich  alloy  (X=0.25),  which  were  amorphous 
in  the  as-spun  state. 

4.2  Future  Work 

Future  work  can  focus  on  further  establishing  the  relationship  between  additional 
magnetic  properties  and  microstructural  evolution  moving  from  X=  0  to  1 .  Some  suggested 
topics  are: 

Using  the  Co:Ni  APT  analysis  approach  with  respect  to  enthalpy  mixing  energies,  re¬ 
visit  the  Fe:Co  alloys  to  determine  if  Cu  clustering  could  be  considered  a 
thermodynamically  favorable  nucleation  sites. 

Investigate  how  the  Curie  temperature  is  affected  by  the  changing  composition  in 
Co:Ni. 

Detennine  the  role  the  phases  play  in  decreasing  or  increasing  the  Curie  temperature 
for  the  different  ribbon  compositions. 
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Chapter  6  Appendix 


CH001 

x=0 

Final  Wt. 

Final  Wt. 

Element 

At.  % 

At.  Weight 

Wt  % 

Mass  (g) 

pre-melt  (g) 

post-melt  (g) 

Wt%  change 

Ni 

0.00 

58.70 

0.00 

0.00 

0.00 

0.063 

Co 

88.00 

58.93 

87.43 

20.40 

20.40 

Zr 

7.00 

91.22 

10.77 

2.51 

2.51 

Nb 

0.00 

92.91 

0.00 

0.00 

0.00 

B 

4.00 

10.81 

0.73 

0.17 

0.17 

weight  before 

Cu 

1.00 

63.55 

1.07 

0.25 

0.25 

melt  spinning  (g) 

Total 

100.00 

5931.17 

100.00 

23.33 

23.33 

23.31 
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CH002 

x=0.25 

Final  Wt. 

Final  Wt. 

Element 

At.  % 

At.  Weight 

Wt% 

Mass  (g) 

pre-melt  (g) 

post-melt  (g) 

Wt%  change 

Ni 

22.00 

58.70 

21.79 

5.06 

5.06 

0.014 

Co 

66.00 

58.93 

65.63 

15.23 

15.23 

Zr 
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2.50 
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0.00 
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0.17 

0.17 

weight  before 

Cu 

1.00 

63.55 

1.07 

0.25 

0.25 

melt  spinning  (g) 

Total 

100.00 

5926.11 

100.00 

23.20 

23.20 

23.20 

22.08 

CH003 

x=0.5 

Final  Wt. 

Final  Wt. 

Element 

At.  % 

At.  Weight 

Wt% 

Mass  (g) 

pre-melt  (g) 

post-melt  (g) 

Wt%  change 

0.078 

Co 

Zr 

2.50 

Nb 

0.00 

/K 


B 

4.00 

10.81 

0.73 

0.17 

0.17 

weight  before 

melt  spinning  (g) 

Cu 

1.00 

63.55 

1.07 

0.25 

0.25 

Total 

100.00 

5921.05 

100.00 

23.19 

23.19 

23.17 

22.47 

CH004 

x=0.75 

Final  Wt. 

Final  Wt. 

Element 

At.  % 

At.  Weight 

Wt  % 

Mass  (g) 

pre-melt  (g) 

post-melt  (g) 

Wt%  change 

Ni 

66.00 

58.70 

65.49 

15.83 

15.83 

0.017 

Co 

22.00 

58.93 

21.91 

5.30 

5.30 

Zr 

7.00 

91.22 

10.79 

2.61 

2.61 

Nb 

0.00 

92.91 

0.00 

0.00 

0.00 

B 

4.00 

10.81 

0.73 

0.18 

0.18 

weight  before 

Cu 

1.00 

63.55 

1.07 

0.26 

0.26 

melt  spinning  (g) 

Total 

100.00 

5915.99 

100.00 

24.17 

24.17 

24.17 

23.25 

CH005 

O 

O 

T— 

II 

X 

Final  Wt. 

Final  Wt. 

Element 

At.  % 

At.  Weight 

Wt% 

Mass  (g) 

pre-melt  (g) 

post-melt  (g) 

Wt%  change 

Ni 

88.00 

58.70 

87.39 

20.94 

20.94 

0.005 

Co 

0.00 

58.93 

0.00 

0.00 

0.00 

Zr 

7.00 

91.22 

10.80 

2.59 

2.59 

Nb 

0.00 

92.91 

0.00 

0.00 

0.00 

B 

4.00 

10.81 

0.73 

0.18 

0.18 

weight  before 

Cu 

1.00 

63.55 

1.08 

0.26 

0.26 

melt  spinning  (g) 

Total 

100.00 

5910.93 

100.00 

23.96 

23.96 

23.96 

22.88 

Appendix  6-1  Weight  conversions,  final  weights,  and  percent  change  for  all  compositions. 


46 


